Abstract. Lysozyme and BSA were used, as model proteins of considerably different dimensions, in order to evaluate the influence of the distinct pore structural characteristics of three types of ordered mesoporous silica materials (MCF, SBA-15 and MCM-41) on protein adsorption. Characterisation by X ray diffraction and nitrogen adsorption at 77K revealed the typical pore structural features of each type of material. The maximum of the pore size distributions indicated that the width of the windows of MCF (2) (mesitylene/P123 of 2) was larger than the pore diameter of the unidirectional tubular pores of SBA-15. All the materials presented similar small external surface areas but high pore volumes, with that of MCF (2) being the highest. The adsorption of lysozyme at pH=8 increased in the order MCM-41<< SBA-15< MCF (2), and the uptakes were well above those of BSA at pH=5. Although BSA is not completely excluded from the mesopores of SBA-15 and MCF (2), as happens with MCM-41, the adsorption occurs to a very limited extent. The overall behaviour of these SBA-15 and MCF (2) samples was not significantly different and both revealed potential for the separation of these proteins.
Introduction
The unique structural properties of ordered mesoporous materials, disclosed in 1992 for the M41S family [1] , stimulated an intensive research in many fields of materials science. Besides the high surface areas and pore volumes and the uniformity of the pore structure, the possibility of tuning the geometry and the pore size to a target dimension in the mesopore range are extraordinary features that lead to a great variety of new regular materials. In particular, those with wider mesopores are attractive for their use as host matrices for immobilisation, adsorption and encapsulation of biomolecules, having potential for application in many fields, such as in catalysis and separation, and as biosensors and drug delivery systems [2, 3, 4] .
Several studies have shown that protein adsorption is sensitive to several factors, including the pore size and surface chemistry of the mesoporous materials, the dimensions and isoelectric point of the protein and the solution conditions [2] . The complexity of the protein adsorption process requires that studies in different materials are carried out under similar conditions, otherwise the comparison of the results obtained is not straightforward.
In this work, we focus our study on the adsorption from aqueous solution of two biomolecules with different size, namely, Bovine serum Albumin (BSA) which has large dimensions and Lysozyme which is a comparatively small enzyme, in ordered mesoporous silicas with different pore systems and sizes, namely, MCF, SBA-15 and MCM-41. MCFs (Mesostructured Cellular Foams) are a family of materials composed by large spherical cells that are interconnected by uniform windows, whose size can be tuned by controlling synthesis parameters. On the other hand, the materials belonging to SBA-15 and MCM-41 types both have unidirectional cylindrical mesopores, in a hexagonal array, with SBA-15 having wider mesopores interconnected by microporosity in the thicker silica walls. To our knowledge, the comparison of adsorption, under the same conditions, of lysozyme or BSA on these three types of materials has not been presented.
Materials and Methods
Materials Preparation. The synthesis of mesoporous materials MCM-41, SBA-15 and MCF (2), was based on reported procedures [5, 6, 7] , using respectively, hexadecyltrimethylammonium bromide, Pluronic 123 (P123) and mesitylene/P123 (m/m) ratio of 2. The as-synthesised MCM-41 was calcined at 823K for 8h, using a heating rate of 3Kmin -1 to achieve the final temperature, while SBA-15 and MCF (2) were calcined at 773K for 6/8h using a heating rate of 1 and 3Kmin -1 , respectively. Materials Characterisation. The samples were characterised by X-ray diffraction (XRD) and nitrogen adsorption at 77 K. XRD measurements were carried out on a Bruker AXS-D8 Advance powder diffractometer, in θ-θ geometry, using CuKα radiation (40kV, 30mA), with a step size of 0.01º (2θ) and 5s per step. Nitrogen adsorption isotherms at 77 K were determined on a CE Instruments Sorptomatic 1990. Prior to the adsorption measurements all the samples were outgassed for 8h at 453K. Protein Adsorption. The adsorption studies of the proteins were carried out in batches by contacting the materials with BSA or lysozyme solutions of different concentrations in the adequate buffer solutions, respectively, at pH=5 and 8. The mixtures were continuously shaken on a thermostated shaker bath at 298K, for different interval times until equilibrium was reached (kinetic studies) or after equilibration for 48h and 96h, respectively, for BSA and lysozyme (adsorption isotherms). The amounts of protein adsorbed were determined by monitoring the changes of its concentration in the supernatant solutions by UV spectrophotometry on a Hitachi U-3010 spectrophotometer at 279 and 282nm, respectively, for BSA and lysozyme, and using calibration data determined in the same concentration range and under the same conditions.
Results and Discussion
The powder XRD patterns presented in Fig. 1 are typical of these types of materials. Those of MCM-41 and SBA-15 exhibit, at low angles, three to five diffraction peaks which can be indexed to a two-dimensional hexagonal lattice with unit cell parameter (a o ) of 4.3 and 11.4 nm, respectively, and are indicative of a highly ordered pore structure. The XRD of MCF (2) presents, at even lower angles, a well-resolved peak, which cannot be indexed to any space group [7] but indicates long-range order of larger pores.
It can be seen in Fig. 2 that all nitrogen adsorption-desorption isotherms are of type IV [8] with capillary condensation steps in a very narrow range of p/pº, indicating high uniformity of the mesopore size. The presence or absence of hysteresis is consistent with the pore sizes and geometries of the materials. The pore size distributions (PSD) shown on the inset confirm the uniformity of pore width, in particular for the MCM-41 and SBA-15. The pore structure characteristics inferred from the analysis of the nitrogen isotherms are summarised in Table 1 . It is evident that all the materials present high total surface areas and pore volumes, whilst the external surface area is comparatively quite small and similar amongst samples, indicating that in all cases most of the surface area corresponds to internal surface of the pores. It should be noted that the total surface area of MCM-41 is usually overestimated by ~15-20% [9] , but if this is taken into account, it is still slightly superior to those of the other materials. MCF (2) is the material with the highest pore volume, while the mesopore volumes of MCM-41 and SBA-15 are not very different taking into account that the latter also has a micropore volume ~0.05cm 3 g -1 . The pore widths, corresponding to the maximum of the PSD calculated using NLDFT [10] , indicate that the width of the windows of MCF (2) is superior to those of the other materials. Although the PSD of MCF (2) is not as narrow, the lower limit of its PSD is slightly above the pore diameter of SBA-15.
The individual adsorption isotherms, at 298K, of the two proteins on the mesoporous materials are presented in Fig. 3 . These results clearly show that, either for lysozyme or BSA, the A BET -total specific surface area obtained by the BET method; A ext and V(T) p -external specific surface area and total pore volume (in terms of equivalent liquid volume) obtained by the α s method; Dp -mesopore width corresponding to the maximum of PSD calculated using NLDFT method. b diameters of windows and cells estimated, using NLDFT, from desorption and adsorption branches, respectively, [7] . adsorption increases in the order MCM-41< SBA-15< MCF (2), but the differences are much less notorious for BSA for which, at all concentrations, the uptakes are much lower than those of lysozyme. Representative results of the adsorption evolution with time are also compared in Fig. 4 for an initial concentration of 2.5mg mL -1 . Considering first the results solely of lysozyme, it is evident from Figs. 3 and 4 a superior performance of SBA-15 and MCF (2) in relation to MCM-41. The comparatively lower adsorption on MCM-41 can be attributed to the narrower pores of this material being close to the dimensions of lysozyme (prolate spheroid shape of 3.0 x 3.0 x 4.5 nm 3 [11] ). The working pH is below the pH(I) of the protein and above that of silica, so that the protein has a net positive charge while the silica surface is negatively charged. It is likely, that the electrostatic attractions, and also hydrophobic interactions, between the protein and the internal surface of the tubular pores, as well as the repulsions between the charged proteins, limit the diffusion through the pores. Therefore, the adsorption on MCM-41 could be restricted mainly to the pore entrances, blocking the access to further molecules. In fact, it can seen from the results shown in Fig 4, that, in spite of MCM-41 having the highest specific surface area, after 1h the uptake by MCM-41 is lower than that of the other two wider pore materials and that the difference is enhanced for longer equilibration times. (2), it can be seen that the behaviour is not very different, with the exception of a slightly higher uptake on MCF (2) after 1h, suggesting an initial favourable role of the pore geometry of the MCF (2) in relation to the tubular pores of SBA-15. However, after 24h or longer, the difference is attenuated, which can be because the MCF (2) does not have a unique window dimension. It should be noted that for MCF (2) the width of the windows conditions the accessibility of the proteins to the wide cells and further diffusion between cells. In fact, on the basis of the PSD presented, some of the windows have width not very superior to those of SBA-15. Additionally, as can be seen in Fig. 3 , for similar equilibrium concentrations, the uptakes of MCF (2) are, generally, superior to those of SBA-15. Nevertheless, the comparison at the highest equilibrium concentration does not reflect the differences in mesopore volume, indicating that at these concentrations the mesopores are not filled. So, on the whole the results show that for MCF (2) , and under the experimental conditions studied, the pore structure characteristics have some advantages over those of SBA-15, yet not very significant.
With regard to the BSA, the similar low uptakes by the three so different materials indicate its limited accessibility even to the wider pores of MCF (2) . BSA has a globular heart shaped structure of 5.0 x 7.0 x 7.0 nm 3 but can also assume a prolate ellipsoid shape of 4.0 x 4.0 x 14.0 nm 3 [2, 12] . The small mesopore sizes of MCM-41 are below the minimum dimensions of BSA and therefore the uptake by this material is obviously restricted to the external surface. Considering that the external areas of the three materials are similar, the slightly superior uptakes by the SBA-15 and MCF (2) in relation to MCM-41 allow us to conclude that BSA is not completely excluded from the mesopores of SBA-15 and MCF (2) . Nevertheless, the adsorption is much inferior to that reported on wider pore SBA-15 [13] .
The limited extent to which the adsorption occurs inside the pores, is consistent with the equilibration being achieved faster than with lysozyme, as seen in Fig.4 for BSA-SBA-15. Similar trend and equilibration time was obtained for BSA on MCF (2) whose kinetic studies were carried out only at a higher concentration. The close proximity of the heart shaped BSA dimensions towards the pore dimensions of SBA-15 and some of the windows of MCF (2) , and the conformational adaptability of BSA ("soft protein") [14] can lead to blocking of pore entrances, accounting for the low adsorption and similar behaviour of these two materials. Another plausible explanation could be that initially some molecules can enter some the pores but the biomolecules adsorb in extended form on the external surface thereby blocking the pore entrances.
It should be noted that the adsorption of the two proteins should be maximum when they have nearly no net charge, that is, close to their pH(I) (around 5 and 11, respectively, for BSA and lysozyme [2] ). In fact, other authors noticed enhancement of adsorption of lyzozyme on a SBA-15, by increasing pH from 6.5 to 9.6-10.5 [11] . Also, we observed in these or other similar silica materials that the adsorption of BSA was considerably reduced either at pH of 7 or 3.5. Electrostatic repulsions between the proteins and between these and silica, both with net negative charges, can account for the lower adsorption at pH above the pH(I). Below the pH(I), the electrostatic repulsions between proteins must be responsible for the lower adsorption, as previously suggested for lysozyme [11] . Considering the results presented and that BSA was studied in its more favourable pH conditions (~pH(I)) while lysozyme was not (below pH(I)), we can anticipate that combining with adequate adjustment of pH (above pH(I) of BSA and closer to that of lysozyme), the SBA-15 and MCF (2) used in this work are adequate for the separation of these proteins.
Summary
In this work, the adsorption of lysozyme and of bovine serum albumin (BSA), from buffered solutions, on three types of ordered mesoporous silica materials (MCF, SBA-15 and MCM-41) was studied.
It was found that the adsorption uptake of lysozyme, at pH=8, on the wider pore materials MCF (2) and SBA-15 is significantly superior to that on MCM-41 which has pore size close to the
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Advanced Materials Forum V dimensions of lysozyme. For similar equilibrium concentrations, the uptakes of MCF (2) are, generally, superior to those of SBA-15 and the initial uptake after 1h, before equilibration, is slightly higher, suggesting a favourable role of the pore size and geometry of the MCF (2) over the tubular pores of SBA-15, although not very significant. In all the materials, the adsorption of BSA at pH=5 (near pH(I)) is well below that of lysozyme at pH=8. BSA adsorption on MCM-41 is obviously restricted to the external surface, while it can still access the mesopores of SBA-15 and MCF (2) although to a limited extent.
Taking into account that adsorption of BSA on these silica materials can be further decreased at a pH above the pH(I), it can be concluded that the SBA-15 and MCF (2) used in this work, with appropriate adjustment of the solution pH, are adequate for the separation of these proteins.
